r Synaptic transmission is mediated by the release of neurotransmitters from synaptic vesicles in response to stimulation or through the spontaneous fusion of a synaptic vesicle with the presynaptic plasma membrane.
Introduction
A majority of presynaptic nerve terminals in the central nervous system contain ß200 synaptic vesicles (Harris & Sultan, 1995) . Depending on the type of presynaptic input, varying fractions, or 'pools' of these vesicles participate in activity-dependent synaptic vesicle recycling and neurotransmitter release (Chamberland & Toth, 2016) . Most central synapses have, a 'resting pool' of vesicles, which do not respond swiftly to presynaptic action potentials (Sudhof, 2000 (Sudhof, , 2004 Harata et al. 2001a,b; Marra et al. 2012 ; but see Xue et al. 2013) . Recent studies suggest that differences in protein components of synaptic vesicles underlie this apparent functional heterogeneity (Fredj & Burrone, 2009; Hua et al. 2011; Raingo et al. 2012; Ramirez et al. 2012; Bal et al. 2013) . This molecular heterogeneity is thought to be encoded -at least in part -by differential distribution of synaptic vesicle-associated soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) proteins and not only dictate the dichotomy between recycling and resting pools but also determine how synaptic vesicles respond to incoming action potentials or release neurotransmitter spontaneously at rest (Hua et al. 2011; Ramirez & Kavalali, 2011; Raingo et al. 2012; Ramirez et al. 2012; Kavalali, 2015) . While essential for dissecting the mechanisms underlying synaptic vesicle heterogeneity, molecular manipulations of synaptic vesicle-associated SNAREs or other key molecules typically take days to weeks to alter protein levels to enable examination of their functional consequences. This delay provides a sufficient time frame for other molecular adaptations to compensate for the functional impact of the manipulation in question. A striking example is seen in the case of voltage-gated calcium channel knockouts (e.g. Piedras-Renteria et al. 2004) . These approaches, therefore, need to be complemented with more acute manipulations to probe heterogeneity between presynaptic vesicle populations to obtain a more accurate understanding of presynaptic function and neurotransmitter release (e.g. Poskanzer et al. 2003; Snellman et al. 2011) . Ideally, a manipulation that can tag recycling vesicles and modify their functional properties to alter neurotransmitter release output could be used to monitor the impact of vesicle pool dynamics on neurotransmission. To achieve this objective, we took advantage of horseradish peroxidase (HRP), a haem-containing plant enzyme that utilizes hydrogen peroxide (H 2 O 2 ) to oxidize organic as well as inorganic targets (Veitch, 2004 ), which we have used previously to label endocytosed synaptic vesicles and visualized them with electron microscopy (Deak et al. 2004) . The H 2 O 2 passes through the membrane and reacts with HRP producing free radical molecules which react with 3,3 -diaminobenzidine (DAB) as a substrate to create an electron dense precipitate that can be visualized via electron microscopy. However, these free radicals are also expected to modify protein or lipid targets in their vicinity and impair their functional interactions. Using this approach, we aimed to target specific synaptic vesicle pools and found that the formation of free radicals within vesicles differentially affects synaptic neurotransmission depending on the route of HRP uptake. Our functional results are consistent with potential inactivation of syt1, the Ca 2+ sensor for synchronizing synaptic vesicle exocytosis upon stimulation (Geppert et al. 1994; Fernandez-Chacon et al. 2001) . To probe if syt1 was a target of free radical modification, we expressed enhanced horseradish peroxidase (eHRP) tagged to the luminal domain of syt1 in hippocampal neurons and were able to recapitulate a syt1 loss-of-function phenotype. We corroborated these findings using a polyclonal antibody to target the luminal domain of syt1 and again detected alterations in synaptic neurotransmission depending on the route of syt1 antibody uptake. This finding suggests that syt1 function in suppression of spontaneous neurotransmission can be acutely dissociated from syt1 function to synchronize synaptic vesicle exocytosis upon stimulation.
laboratory animals approved by the Animal Resource Centre at University of Texas Southwestern.
Cell culture
The hippocampi were dissected and dissociated from postnatal day 0-3 (P0-3) Sprague-Dawley rats as previously described in Kavalali et al. (1999) . Rats were rapidly killed by decapitation after sedation by chilling on an ice-cold metal plate. Dissociated cells were plated on zero-thickness 12-mm glass coverslips and stored at 37°C with 5% CO 2 in a humidified incubator.
Electrophysiology
A modified Tyrode solution was used for all experiments (except where noted otherwise) that contained (in mM): 145 NaCl, 4 KCl, 2 MgCl 2 .6H 2 O, 10 glucose, 10 Hepes, 2 CaCl 2 (pH 7.4, osmolarity 300 mosmol l −1 ). Pyramidal neurons were whole-cell voltage clamped at -70 mV with borosilicate glass electrodes (3-5 M ) filled with a solution containing (in mM): 105 caesium methanesulphonate, 10 CsCl, 5 NaCl, 10 Hepes, 20 tetraethylammonium chloride hydrate, 4 Mg-ATP, 0.3 GTP, 0.6 EGTA, 10 N-ethyllidocaine chloride (QX-314) (pH 7.3, osmolarity 290 mosmol l −1 ). Excitatory postsynaptic currents (EPSCs) were evoked with 0.1 ms, 10 mA pulses delivered via a bipolar platinum electrode in a modified Tyrode solution containing picrotoxin (PTX, 50 μM) and DL-2-amino-5-phosphonovaleric acid (APV, 50 μM, NMDA receptor blocker). Spontaneous miniature EPSCs (mEPSCs) were recorded in a modified Tyrode solution containing tetrodotoxin (TTX; 1 μM), PTX (50 μM) and APV (50 μM). Inhibitory postsynaptic currents (IPSCs) were evoked with 0.1 ms, 10 mA pulses delivered via a bipolar platinum electrode in a modified Tyrode solution containing 6-cyano-7-nitroquinoxaline-2-3-dione (CNQX, 10 μM) and APV (50 μM). Spontaneous miniature IPSCs (mIPSCs) were recorded in a modified Tyrode solution containing TTX (1 μM), CNQX (10 μM) and APV (50 μM). Data were analysed offline with Clampfit 9 software.
Free radical generation in synaptic vesicles using HRP and H 2 O 2 After HRP uptake (described below), free-radical formation was initiated in HRP-containing synaptic vesicles by applying a modified Tyrode solution containing H 2 O 2 (0.02%), TTX (1 μM) and PTX (50 μM) to cultured neurons. To assess synaptic neurotransmission, both mEPSCs and evoked excitatory postsynaptic currents (eEPSCs) were recorded using the whole- Action potential-induced uptake of HRP. After establishing the whole cell recording configuration, both mEPSCs and eEPSC responses (evoked by 100 pulses at a 1 Hz frequency) were recorded. Once we established the basal synaptic properties of the neuron, we perfused a modified Tyrode solution containing HRP (20 mg ml −1 ) and incubated for 2 min before applying a 100 pulse stimulus train at either a 1 or 20 Hz frequency. The neuron was perfused with an HRP-free modified Tyrode solution after a total HRP exposure time of 5 min 40 s to allow fused synaptic vesicles to endocytose.
Spontaneous uptake of HRP. Cultures were incubated in a modified Tyrode solution containing TTX (1 μM) and HRP (20 mg ml −1 ) for 5 min 40 s (time equivalent to the time HRP is present in the action potential (AP) experiments). Earlier ultrastructural studies from our group have shown that this protocol triggers efficient HRP uptake into recycling synaptic vesicles which can be visualized via electron microscopy (Deak et al. 2004; Sara et al. 2005; Wasser et al. 2007; Chung et al. 2010) . syt1-eHRP. For the syt1-eHRP construct, HRP's catalytic activity was enhanced via direct evolution. This enhanced HRP is a very sensitive genetically encoded label for electron microscopy and can be reliably expressed in mammalian neurons (D. Cruz-Lopez, D. Ramos, G. Castilloveitia & T. Schikorski, unpublished observations). Cultures were infected on the 4th day in vitro (DIV) with lentivirus expressing syt1-eHRP and allowed to mature and express syt1-eHRP prior to experimentation. Experiments were conducted on or after 15 DIV. After establishing the whole-cell recording configuration, either mIPSCs or eIPSC responses (evoked by 5 pulses at a 1 Hz frequency) were recorded. We then perfused a modified Tyrode solution containing 0.1% or 0.2% H 2 O 2 for 5 min to generate free radicals. For washout, we perfused with H 2 O 2 -free Tyrode solution for 2 min and then recorded corresponding mIPSCs or eIPSCs. We infected our control group with an L307 empty vector virus and treated it the same.
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Synaptotagmin-1 luminal domain antibody disruption of synaptotagmin-1 function
To test if synaptotagmin-1 luminal domain antibody can disrupt synaptotagmin-1 synaptic function, we treated neuronal cultures with either a 1% anti-syt1 antibody (no. 105 103, Synaptic Systems, Göttingen, Germany) or 3% bovine serum albumin (BSA) modified Tyrode solution. For depolarization-induced uptake of anti-syt1 antibody, cultures were incubated with either BSA or anti-syt1 lumen antibody in modified Tyrode solution containing 47 mM K + for 120 s. BSA or anti-syt1 lumen antibody was subsequently washed out with Tyrode solution for 2 min and mIPSC or eIPSC (evoked by 5 pulses at a 1 Hz frequency) recordings were obtained. For spontaneous uptake of anti-syt1 lumen antibody, we incubated neuronal cultures in 1% anti-syt1 lumen antibody or 3% BSA modified Tyrode solution containing TTX (1 μM) for 30 min. We subsequently washed out the antibody with Tyrode solution for 5 min and mIPSC or eIPSC (evoked by 5 pulses at a 1 Hz frequency) recordings were obtained.
Fluorescent detection of syt1-eHRP
Neuronal cultures were processed for immunocytochemistry as described in Ramirez et al. (2008) using an anti-synapsin mouse monoclonal antibody, 1:200 dilution (Synaptic Systems). Cultures were then processed for syt1-eHRP labelling using a tyramide signalling amplification (TSA) kit (no. 14, Molecular Probes, Eugene, OR, USA) and then processed for confocal imaging.
Synaptic localization of syt1-eHRP. The percentage of synapses expressing syt1-eHRP was determined by randomly selecting 80-85 synapsin labelled puncta and counting the number of puncta with a syt1-eHRP signal greater than 2 times the standard deviation above the mean background.
Fluorescent detection of synaptic vesicle recycling
Stability of recycling pool vesicles. Initial FM1-43 dye uptake was performed in a sterile environment with sterile solutions. The culture medium was removed and stored in an adjacent empty chamber for use after FM1-43 uptake, and neurons were washed twice with a modified Tyrode solution before incubating them for 90 s in a 47 mM K + solution (1:1 solution, modified Tyrode solution: 90 mM K + Tyrode solution) containing FM1-43 (N-(3-triethylammoniumpropyl)-4-(4-(dibutylamino) styryl) pyridinium dibromide, Molecular Probes; 8 μM), which labels all of the recycling vesicle pool in a given synapse (Harata et al. 2001b) . The dye-containing solution was removed and neurons were rinsed three times with a dye-free modified Tyrode solution before replacing the original culture medium containing 1 μM TTX and incubating for 6 h at 37°C in 5% CO 2 -95% air. After incubation, coverslips were placed in the imaging chamber and a field of view was selected. Images were obtained for analysis after the experiment during three rounds of 90 mM K + perfusion (60 s each separated by 60 s intervals) to release all of the dye trapped in presynaptic terminals. Neurons were perfused with a normal modified Tyrode solution for 10 min before repeating the FM1-43 uptake and destaining with only a 10 min dye-free wash in the same synapses.
All staining and washing protocols were performed with 10 μM CNQX and 50 μM APV to prevent recurrent activity. In all experiments, images were obtained during the release of FM1-43 by a cooled-intensified digital CCD camera (Roper Scientific, Trenton, NJ, USA) during illumination at 480 ± 20 nm (505 nm long wave pass dichroic (DCLP), 535 ± 25 nm bandpass (BP)) via an optical switch (Sutter Instruments, Novato, CA, USA). Images were acquired and analysed using Metafluor Software (Universal Imaging, Auburn Hills, MI, USA). In all experiments, we selected isolated boutons (1 μm 2 ) from the first round (non-modified boutons) for analysis and avoided apparent synaptic clusters (Kavalali et al. 1999) .
Electron microscopy
For high K + loading, cells were treated with 47 mM K + and HRP (20 mg ml −1 , Sigma) containing Tyrode solution for 90 s. Coverslips were quickly rinsed and either fixed for 30 min with 2% glutaraldehyde in 0.1 M sodium phosphate buffer, pH 7.4 at 37°C, or incubated in the original medium containing 1 μM TTX for 6 h before fixing. For spontaneous loading, cells were treated with 4 mM K + Tyrode solution containing HRP (20 mg ml −1 , Sigma) and 1 μM TTX for 15 min. Coverslips were quickly rinsed and either fixed for 30 min with 2% glutaraldehyde in 0.1 M sodium phosphate buffer, pH 7.4 at 37°C, or incubated in 4 mM K + Tyrode solution containing 1 μM TTX for 30 min for before fixing. For the DAB reaction, coverslips were incubated in Tris-Cl buffer (100 mM, pH 7.4) containing DAB (0.1%) and H 2 O 2 (0.02%) for 15 min. They were then rinsed twice and incubated in 1% OsO 4 for 30 min at room temperature. After rinsing with distilled water, specimens were stained en bloc with 2% aqueous uranyl acetate for 15 min, dehydrated in ethanol, and embedded in Poly/Bed 812 for 24 h. Sections (60 nm) were post-stained with uranyl acetate and lead citrate and viewed with a JEOL 1200 EX transmission microscope.
Statistical analysis
Statistical analyses were performed with Graphpad Prism 6.07 software using one of the following tests: two-tailed Student's t test, one-way or two-way ANOVA.
All datasets were checked for normality with both the D'Agostino-Pearson omnibus and Shapiro-Wilk normality test, or the Kolmogorov-Smirnov (KS) normality test (when n < 7 values). If data were non-normal, a non-parametric test was used to calculate significance. For pairwise comparison of two treatments, a two-tailed Student's t-test was used (no data sets were non-normal). For parametric comparisons of three or more groups, the one-way ANOVA was used (with the Sidak's post hoc multiple comparisons test, if significant). For non-parametric comparisons of three or more groups, the Kruskal-Wallis test was performed (Dunn's post hoc multiple comparisons test). For comparison of cumulative mEPSC amplitude distributions, eIPSC cumulative charge transfer or 1 Hz depression of normalized EPSC amplitudes, the two-way ANOVA test was used with a Sidak's post hoc multiple comparisons test to calculate exact multiplicity adjusted P values between groups when the P value of the treatment interaction was significantly different (P < 0.05). Error bars represent the SEM.
Results
Long-term stability of recycling pool vesicles
To investigate the stability of recycling synaptic vesicles over hours, we depolarized dissociated rat hippocampal cultures in the presence of the amphipathic fluorescent dye FM1-43, which fluoresces upon incorporation into the membrane of endocytosing synaptic vesicles. With subsequent stimulation, these vesicles re-exocytose and release the dye in the synaptic cleft resulting in a visible fluorescence decrease (Khvotchev & Kavalali, 2008) . To date, we know that these synaptic vesicles remain within the active recycling pool for short durations; however, the time for which these recycling vesicles remain stable without intermixing with a non-recycling vesicle pool or the rate of their spontaneous exocytosis is unknown. To determine the stability of this recycling vesicle, we incubated cultures for 6 h at physiological temperature in the absence of neuronal activity after labelling the recycling pool vesicles with FM1-43 (Harata et al. 2001a ) before triggering dye release ( Fig. 1A-C ). If these vesicles remain within the functional recycling pool during this 6 h interval, then upon subsequent stimulation all the trapped dye will escape into the synaptic cleft resulting in a complete loss of fluorescence. Alternatively, if they intermix with vesicles from the resting pool or fuse spontaneously, then the amount of dye available for release will decrease and the kinetics of fluorescence loss will be altered (due to the simultaneous fusion of new non-fluorescent vesicles after extended incubation). To assess the size of the recycling pool in each synapse, after releasing all available dye, we repeated the FM1-43 uptake and quantified the basal recycling pool size and the rate of dye release for 
Figure 1. Optical analysis of spontaneous vesicle fusion from recycling pool and spontaneously fusing vesicles
A-D, recycling pool vesicles begin to fuse spontaneously after 6 h at physiological temperatures. A, diagram of the protocol for FM1-43 uptake and the release of dye after a 6-h incubation at 37°C in the absence of action potentials (using tetrodotoxin, TTX) (left) and the following uptake and release without incubation in the same synapses (right). B, fluorescence images before dye release after incubating for 6 h (left) and the following initial fluorescence in the same boutons after washing for only 10 min (right). C, summary plot of the average rate of fluorescence lost during stimulation depicting no change in the rate of dye release from boutons incubated 6 h after FM1-43 uptake and the subsequent rate in the same synapses without incubating (two-way repeated measures (RM) ANOVA, F (1,2) = 0.8642, P = 0.4507). D, quantity of the average fluorescence before (initial) and after (final) dye release along with amount of dye released ( F, initial minus final) showing a non-significant decrease in the quantity of dye released after a 6-h incubation (1.1-fold, J Physiol 595.4 each synapse and used this information to estimate the alterations in dye uptake and release in the previous round of staining-destaining cycle (Fig. 1A) . After incubation for 6 h at 37°C in the absence of action potentials, we perfused 90 mM K + -containing extracellular solution to stimulate robust exocytosis of release-available vesicles and monitored the decrease in fluorescence intensity. Under these conditions, the rate of fluorescence loss was not altered after the incubation period as compared to the rate of dye loss in the same synapses after the experiment (Fig. 1C) . The initial fluorescence present within the synapse after incubation as well as the total amount of dye release was also not significantly different (Fig. 1D ). These data suggest that the recycling pool is highly stable and not prone to spontaneous exocytosis. Moreover, the vesicles in the resting pool appear to be intrinsically reluctant with regard to fusion rather than just slow in their mobility for up to 6 h.
The resistance of recycling pool vesicles to spontaneous fusion measured by FM1-43 imaging experiments is consistent with the notion that a separate pool of vesicles carries out spontaneous neurotransmitter release (Sara et al. 2005; Chung et al. 2010) . To examine this putative two-way RM ANOVA, F (1,2) = 2.509, P = 0.2540) compared to the amount of dye released from the recycling pool of the same synapse (180 boutons total from n = 3 coverslips; A.U., arbitrary fluorescence units; scale bar in B = 2 μm). E-G, quantification of spontaneous fusion of recycling pool vesicles over 6 h at physiological temperature. E, diagram depicting the experimental protocol: briefly, hippocampal cultures were depolarized in the presence of HRP to label the recycling pool with HRP. Neurons were then washed and fixed or washed and incubated for 6 h at 37°C before fixing. Vesicles containing HRP were then visualized by electron microscopy after reacting HRP with DAB creating an electron dense material in HRP-containing vesicles. F, representative electron micrograph images. Scale bar in F = 200 nm. G, cumulative histogram of the percentage of HRP-positive (HRP+) vesicles per synapse in cultures maximally loaded with HRP with or without a 6-h incubation. The average percentage of HRP+ vesicles are represented in the inset graph. These plots depict an 18% decrease in the percentage of HRP+ vesicles per synapse in cultures incubated for 6 h, which indicates that 18% of recycling pool vesicles fuse spontaneously over 6 h. (n, number of synapses analysed from 3 coverslips each; no inc. n = 56, 6 h inc. n = 57, t test (111) = 2.372, * P = 0.0194.) H-J, spontaneous fusion of spontaneously fusing vesicles over 30 min. H, diagram of the experiment. Briefly, dissociated hippocampal cultures were incubated in HRP with TTX and either immediately washed and fixed or incubated for 30 min in TTX before fixing. Cultures were treated with DAB to react with HRP making an electron dense substance and then synapses were imaged by electron microscopy. I, representative images. J, cumulative histogram of the percentage of HRP-positive (HRP+) vesicles per synapse in cultures that were fixed immediately or 30 min after spontaneous labeling with HRP. The inset plot depicts the average percentage of HRP+ vesicles. These graphs depict a 50% loss in the percentage of HRP+ vesicles per synapse in cultures incubated for 30 min before fixing. (n, number of synapses analysed from 3 coverslips each; no inc. n = 61, 30 min inc. n = 61, t (120) = 5.156, * * P < 0.0001.) Error bars represent the SEM. Scale bar in I = 200 nm.
segregation at the ultrastructural level, we incubated dissociated hippocampal cultures in the presence of HRP in either high K + for 90 s or TTX for 15 min. After the high K + induced uptake of HRP, HRP was washed away and the cultures were immediately fixed or incubated at 37°C for 6 h in the presence of TTX before fixing. For synapses incubated with HRP in the absence of action potentials, cultures were fixed immediately after washing out HRP or incubated for 30 min prior to fixing. Electron micrograph images of synapses were obtained after applying DAB (which reacts with HRP and produces an electron dense substance within the HRP containing vesicles) ( Fig. 1E and H) . Next, we quantified the percentage of HRP-labelled vesicles in each synapse and inferred the fraction of vesicles that fused spontaneously by comparing incubated synapses to those washed immediately. After the uptake of HRP in high K + , approximately 80% of the HRP-positive recycling pool vesicles were present after the 6 h incubation in TTX compared to those in non-incubated cultures ( Fig. 1F and G) . This indicates that about 20% of HRP-positive recycling pool vesicles fuse spontaneously and release HRP over 6 h. These results are consistent with the data obtained from the 6 h incubation of FM1-43 labelled recycling pool vesicles (Fig. 1A-D) . The 30 min incubation of HRP-containing spontaneously recycling vesicles resulted in a 50% decrease in the number of HRP+ vesicles (Fig. 1I-J) . Taken together, these results show that while elevated K + stimulation-labelled vesicles recycle spontaneously, their extent of spontaneous fusion was significantly lower compared to the vesicles that mediate spontaneous HRP uptake.
Alterations in synaptic transmission after radical product generation within recycling vesicles
To assess the effect of HRP-mediated radical formation within synaptic vesicles on neurotransmission, we depolarized hippocampal neurons with an elevated K + solution to induce endocytic uptake of HRP for 90 s. After HRP removal, we perfused a H 2 O 2 solution (0.02%) for 5 min followed by another 5 min bath perfusion to remove H 2 O 2 ( Fig. 2A) . If HRP is present within a vesicle, then it is expected to convert cell permeable H 2 O 2 to produce reactive oxygens, which in turn, will generate radical products acting on various substrates (Veitch, 2004) . This process typically leads to modification and/or inactivation of proteins as well as lipids within the vicinity of the reaction, in this case within the synaptic vesicle membrane. Under these conditions, after the 47 mM K + stimulated uptake of HRP and H 2 O 2 perfusion, we observed a 2.7-fold increase in the frequency of spontaneous mEPSCs ( Fig. 2B and C; HRP, n = 39; H 2 O 2 , n = 23; HRP + H 2 O 2 , n = 40; P < 0.0001) without a significant change in amplitudes in comparison to neurons treated with HRP alone (without H 2 O 2 ) or with H 2 O 2 alone (without prior HRP uptake) ( Fig. 2B and D ; P = 0.9426). Using the same comparison, we found that the evoked EPSC amplitudes were decreased 4-fold ( Fig. 2E and F ; HRP, n = 22; H 2 O 2 , n = 13; HRP + H 2 O 2 , n = 17; P < 0.0001) with a significant increase in the rate of EPSC amplitude depression during a train of 100 APs applied at 1 Hz ( Fig. 2E and G) . These data suggest that acute HRP and H 2 O 2 treatment (but not HRP or H 2 O 2 by themselves) affect the efficiency of synaptic transmission via free radical formation within synaptic vesicles.
The antioxidant ascorbic acid prevents the effects of free radical formation on synaptic transmission
To further test whether these alterations in synaptic transmission indeed resulted from H 2 O 2 conversion and free radical formation within the synaptic vesicles, we introduced the antioxidant ascorbic acid into the vesicles alongside HRP to buffer free radicals before they can act on their targets. If vesicular free radical generation is responsible for the defects in neurotransmission, then the neutralization of the free radicals within synaptic vesicles is expected to prevent these synaptic alterations. When we depolarized synapses with an elevated K + buffer containing HRP and ascorbic acid and then applied H 2 O 2 to induce free radical formation (Fig. 3A) , we did not detect any changes in the frequency of mEPSCs as compared to HRP/ascorbic acid only and H 2 O 2 only controls ( Fig. 3B-D : HRP, n = 12; H 2 O 2 , n = 7; HRP + H 2 O 2 , n = 9; P = 0.1079), indicating that although ascorbic acid treatment by itself did not significantly alter synaptic transmission, it could suppress the increase in the frequency of mEPSCs seen after H 2 O 2 treatment.
The maximum amplitudes of evoked EPSCs and the responses during a 100 AP-1 Hz stimulus train remained unaltered compared to controls ( Fig. 3E and F: HRP, n = 4; H 2 O 2 , n = 4; HRP + H 2 O 2 , n = 5; P = 0.5999). These results verify the premise that the increased spontaneous neurotransmitter release and the deficits in evoked EPSCs specifically require free radical action within synaptic vesicles.
Free radical modification of vesicles recycling at 1 Hz attenuates evoked EPSC amplitudes without affecting spontaneous neurotransmission
In the next set of experiments we tested whether free radical generation in vesicles that recycle in response (Leitz & Kavalali, 2014) . To quantify the impact of this manoeuvre more precisely, we initiated recordings prior to HRP uptake and monitored subsequent changes in neurotransmission after removal of HRP and H 2 O 2 (Fig. 4A) . Under these conditions, we did not detect a significant change in the frequency and amplitude of the mEPSCs compared to baseline levels obtained before HRP uptake ( Fig. 4B-D ; n = 5; P = 0.4006). However, the same protocol caused a 1.5-fold decrease in initial evoked EPSC amplitudes during the 1 Hz-100 AP train applied after the HRP and H 2 O 2 treatment ( Fig. 4E and F ; n = 5; P = 0.0004). These recordings also did not reveal any changes in the dynamics of EPSC amplitudes during the 1 Hz train (Fig. 4G) . We also conducted control experiments using the same protocol without HRP or without H 2 O 2 , and found that neither the length of the experiment nor treatment with HRP or H 2 O 2 alone caused any noticeable differences in these long recordings (data not shown). ) . B-D, mEPSC frequency and amplitudes before and after treatment (n, number of patched neurons; Only HRP, n = 12; Only H 2 O 2 , n = 7; HRP + H 2 O 2 , n = 9). B, representative mEPSC recordings. C, plot summarizing the average frequency of mEPSCs showing that the average frequency did not differ between groups (Kruskal-Wallis, H (2,25) = 4.452, P = 0.1079). D, distribution of mEPSC amplitudes showing no significant difference between groups (two-way RM ANOVA, F (3,37) = 0.3939, P = 0.7581). E-G, EPSC amplitudes of control and experimental treatment (n, number of patched neurons; Only HRP, n = 4; Only H 2 O 2 , n = 4; HRP + H 2 O 2 , n = 5). E, representative traces of the first 40 ms of EPSCs recorded during a 1 Hz train of 100 APs. F, summary graph of the average maximum EPSC amplitude showing no change in amplitude after treatment (one-way ANOVA, F (2,10) = 0.5380, P = 0.5999). G, plot of EPSC amplitude per AP normalized to the first response. After HRP uptake with HAsc and H 2 O 2 perfusion, the rate of change of EPSC amplitudes was unchanged compared to control treatments (two-way RM ANOVA, F (2,10) = 0.06903, P = 0.9337). Error bars represent the SEM.
HRP-mediated H 2 O 2 conversion within spontaneously recycling vesicles enhances mEPSC frequency without affecting the properties of evoked EPSCs
To determine the impact of free radical formation within spontaneously recycling vesicles on neurotransmission, , the rate of decrease in EPSC amplitude was unchanged when compared to the rate of change before HRP (two-way RM ANOVA, F (1,9) = 1.108, P = 0.3200). Error bars represent the SEM (n = 10).
we recorded the baseline mEPSCs and evoked EPSC amplitudes (100 AP at 1 Hz), followed by HRP uptake and H 2 O 2 application at rest. In these experiments, we incubated neurons with HRP in the absence of action potentials for the same period as the action potential stimulated uptake experiments (5 min 40 s), followed by application of H 2 O 2 after removing HRP (Fig. 5A) . When compared to the levels of mEPSC activity before HRP application, this treatment caused a robust increase (>2-fold) in mEPSC frequency ( Fig. 5B and C; n = 5; P = 0.0117) without affecting the amplitude distribution of mEPSCs (Fig. 5D ). In contrast, the same manoeuvre did not cause a significant change in the amplitudes of EPSCs evoked in response to 100 APs compared to the responses recorded from the same neuron before HRP + H 2 O 2 treatment ( Fig. 5E-G ; n = 5; P = 0.3065).
Free radical generation in vesicles recycling during 20 Hz stimulation attenuates evoked EPSC amplitudes and augments spontaneous mEPSC frequency
Our results so far depict relative isolation of the impact of HRP uptake into vesicles that recycle spontaneously versus in response to 1 Hz stimulation, whereas HRP uptake during high K + induced depolarization resulted in modification of both spontaneous mEPSCs and evoked EPSCs. These observations are consistent with the earlier proposal that the vesicles that recycle spontaneously and in response to low frequency AP activity originate from distinct pools (Sara et al. 2005; Fredj & Burrone, 2009; Chung et al. 2010) , whereas strong depolarization may affect both pools of vesicles and mobilize these pools simultaneously (Sara et al. 2005; Chung et al. 2010; Hua et al. 2010) . To test this proposition, we next stimulated neurons with 100 APs at a higher frequency of 20 Hz in the presence of HRP following baseline recordings of spontaneous and evoked neurotransmitter release. This stimulation protocol, unlike elevated K + -induced depolarization, evokes the fusion of many but not all recycling pool vesicles (Harata et al. 2001a) . After HRP uptake, we perfused H 2 O 2 and continued to monitor synaptic transmission (Fig. 6A) . Compared to the baseline frequency of mEPSCs recorded before HRP uptake and H 2 O 2 treatment, after H 2 O 2 treatment the frequency of mEPSCs increased 2.7-fold ( Fig. 6B and C: n = 4; P = 0.0007), while the amplitudes of the events remained unaltered (Fig. 6B and D) . In contrast, the same treatment caused a 2.2-fold decrease in the amplitude of the first EPSC ( Fig. 5E and F: n = 4; P = 0.0007) and increased the rate of EPSC depression during the subsequent 1 Hz train, which reached significance within 25 stimuli ( Fig. 6E and G ; P = 0.0124). Taken together, these results demonstrate that unlike 1 Hz stimulation or spontaneous HRP uptake at rest, the effect of HRP uptake and free . Chemical modification of spontaneously recycling vesicles enhances spontaneous neurotransmission without affecting evoked neurotransmission A, diagram of the experiment: a hippocampal neuron was first patched, and mEPSCs and EPSCs were recorded (Before HRP). HRP was perfused with TTX and incubated for 5 min 40 s. HRP was washed out for 10 min, and then H 2 O 2 was perfused for 5 min and again washed out for 10 min. Then mEPSCs and EPSCs were recorded again from the same neuron (After H 2 O 2 ). B-D, mEPSC frequency and amplitudes before and after treatment. B, representative mEPSC recordings before HRP and after H 2 O 2 . C, plot summarizing the average frequency of mEPSCs before and after treatment (values from the same neurons are connected). The average frequency increased 2.2-fold after treatment (paired t test, t (5) = 3.197, * P = 0.0117). D, distribution of mEPSC amplitudes showing no significant difference between groups (two-way RM ANOVA, F (1,5) = 1.308, P = 0.3046). E-G, EPSC amplitudes before HRP and after H 2 O 2 . E, representative traces of the first 40 ms of EPSCs recorded during 1 Hz train of 100 APs. F, summary graph of the average maximum EPSC amplitude showing no change in amplitude after treatment (values from the same neurons are connected, paired t test, t (5) = 1.138, P = 0.3065). G, plot of EPSC amplitude per AP normalized to the first response before HRP and after H 2 O 2 . After H 2 O 2 , the rate of decrease in EPSC amplitude was unchanged when compared to the rate of change before HRP (two-way RM ANOVA, F (1,5) = 0.09709, P = 0.7679. Error bars represent the SEM (n = 6).
Synaptotagmin-1 as a potential target for vesicular reactive oxygens
What is the potential target of the chemical modification in synaptic vesicles that can give rise to a diametrically Figure 6 . Chemical modification of vesicles fusing at a high frequency stimulation decreases Ca 2+ -dependent neurotransmission and enhances spontaneous fusion A, diagram of the experiment: a hippocampal neuron was first patched, and mEPSCs and EPSCs were recorded (Before HRP). HRP was perfused and the neurons were stimulated with a 20 Hz train of 100 AP (5 s). After incubating for another 2 min, HRP was washed out for 10 min. H 2 O 2 was perfused for 5 min and washed out for another 10 min. Then mEPSCs and EPSCs were recorded again from the same neuron (After H 2 O 2 ). B-D, mEPSC frequency and amplitudes before and after treatment. B, representative mEPSC recordings before HRP and after H 2 O 2 . C, plot summarizing the average frequency of mEPSCs before and after treatment (values from the same neurons are connected). The average frequency increased 2.7-fold after chemical modification (paired t test, t (6) = 4.044, * P = 0.0007). D, average cumulative distribution of mEPSC amplitudes showing no significant difference between groups (two-way RM ANOVA, F (1,6) = 1.247, P = 0.3069). E-G, EPSC amplitudes before HRP and after H 2 O 2 . E, representative traces of the first 40 ms of EPSCs recorded during a 1 Hz train of 100 APs. F, summary graph of the average maximum EPSC amplitude showing a 2.2-fold decrease in amplitude after treatment (values from the same neurons are connected; paired t test, t (6) = 6.357, * P = 0.0007). G, plot of EPSC amplitude per AP normalized to the first response before HRP and after H 2 O 2 . After H 2 O 2 , EPSC amplitudes decreased faster compared to the rate of amplitude change before HRP (two-way RM ANOVA, F (1,6) = 12.44, P = 0.0124). Error bars represent the SEM (n = 7). A, immunostaining of endogenous synapsin (green) and visualizing syt1-eHRP (red) using a TSA kit in neurons infected with lentivirus expressing the syt1-eHRP plasmid. Right, merge of both images. B, diagram of experiment: a hippocampal neuron was patched and either mIPSC or eIPSC (evoked by 5 pulses at a 1 Hz frequency) recordings were taken before and after a 5 min H 2 O 2 treatment with a 2 min washout period. C, representative traces of the 1st AP before (black) and after (grey) H 2 O 2 treatment in control neurons. D, summary graph of the average IPSC amplitude in control neurons before (black) and after (grey) H 2 O 2 treatment (paired t test; t (6) = 0.3966; n = 7; P = 0.7053). E, normalized charge transfer plot for the average IPSC over 1 s in control neurons before (black) and after (white) H 2 O 2 treatment (two-way RM ANOVA; F (1,6) = 0.3415; P = 0.5803). F, representative traces of the 1st AP before (black) and after (grey) H 2 O 2 treatment in syt1-eHRP neurons. G, summary graph of the average IPSC amplitude in syt1-eHRP neurons before (black) and after (grey) H 2 O 2 treatment (paired t test; t (12) = 2.210; n = 13; P = 0.0472). H, normalized charge transfer plot for the average IPSC over 1 s in syt1-eHRP neurons before (black) and after (white) H 2 O 2 treatment (two-way RM ANOVA; F (1,12) = 11.70; P = 0.0051). I, representative mIPSC recordings from control neurons before (black) and after (grey) H 2 O 2 treatment. J, summary graph of the average mIPSC frequency in control neurons before (black) and after (grey) H 2 O 2 treatment (values from the same neurons are connected) (paired t test; t (11) = 1.500; n = 12; P = 0.1617). K, distribution of mIPSC amplitudes from control neurons before and after H 2 O 2 treatment (two-way RM ANOVA; F (1,11) = 0.4623; P = 0.5106). L, representative mIPSC recordings from syt1-eHRP neurons before (black) and after (grey) H 2 O 2 treatment. M, summary graph of the average mIPSC frequency in syt1-eHRP neurons before (black) and after (grey) H 2 O 2 treatment (values from the same neurons are connected) (paired t test; t (9) = 3.060; n = 10; P = 0.0136). N, distribution of mIPSC amplitudes from syt1-eHRP neurons before and after H 2 O 2 treatment (two-way RM ANOVA; F (1,9) = 0.1717; P = 0.6883). Scale bar, 30 μm. [Colour figure can be viewed at wileyonlinelibrary.com]
opposite change in efficacy of spontaneous versus evoked fusion? The observations of increased mEPSC frequency and decrease in response amplitude after stimulation after intravesicular free radical generation mimic transmission defects observed in neurons deficient of synaptotagmin (Geppert et al. 1994; Fernandez-Chacon et al. 2001; Maximov & Sudhof, 2005; Liu et al. 2014) . Synaptotagmin-1 (syt1) is a Ca 2+ sensor that synchronizes synaptic vesicle release after stimulation. To test whether we can disrupt syt1 function from the luminal domain using free radical modification, we infected dissociated hippocampal neurons with lentivirus expressing an enhanced HRP variant tagged to the luminal domain of syt1 (syt1-eHRP). To confirm proper trafficking of syt1-eHRP to the synapse, we fixed and labelled all synapses using a synapsin antibody and then labelled HRP containing synapses by developing HRP using a tyramide based fluorescent substrate to quantify the percentage of synapses with HRP. We determined that syt1-eHRP was expressed in up to 79% of synapses (Fig. 7A) . To assess increase in evoked asynchronous neurotransmitter release, we looked at inhibitory transmission to avoid reverberatory activity after field stimulation (Maximov & Sudhof, 2005) . We treated neurons expressing syt1-eHRP with H 2 O 2 for 5 min and after washout we observed a 40% decrease in eIPSC amplitude after treatment with H 2 O 2 ( Fig. 7C-H : Ctrl, n = 7; P = 0.7; syt1-eHRP, n = 13; P = 0.0472). Also, we observed an increase in asynchronous release as measured by the cumulative charge transfer within 1 s after stimulation after H 2 O 2 treatment in neurons expressing syt1-eHRP ( Fig. 7E  and H) . We also observed a 4.9-fold increase in mIPSC frequency in syt1-eHRP expressing neurons after H 2 O 2 treatment (Fig. 7I-N : Ctrl, n = 12; P = 0.1617; syt1-eHRP, n = 10; P = 0.0136) without a substantial change in the distribution of mIPSC amplitudes. Taken together, these results suggest that free radical generation within synaptic vesicles can acutely disrupt syt1 function from the luminal domain.
Functional impact of synaptotagmin-1 luminal domain antibody on evoked and spontaneous release
Our results demonstrate that free radical generation within synaptic vesicles can alter synaptic transmission. Dissection of functional alterations in spontaneous versus evoked neurotransmitter release suggest that synaptic vesicle populations giving rise to these two forms of neurotransmission are largely segregated, however after strong stimulation both synaptic vesicle populations can be recruited for exocytosis. Also, we have shown that free radical generation can be targeted to acutely disrupt a specific protein through the luminal domain, in this case, synaptotagmin-1. Synaptotagmin-1 functions dually as a clamp on spontaneous vesicle fusion and promoter for vesicle fusion after stimulation (Maximov & Sudhof, 2005; Liu et al. 2014) . However, these observations raise the question of how syt1 -a synaptic vesicle-specific protein with ubiquitous distribution among synaptic vesicle populations -may underlie preferential regulation of spontaneous versus evoked release. To address this issue, we incubated dissociated hippocampal neurons in either a syt1 lumen polyclonal antibody solution or BSA in the presence of TTX or 47 mM K + to stimulate antibody uptake (Fig. 8A and H) . After treatment with 47 mM K + and syt1 lumen antibody (Ab), we observed a decrease in eIPSC amplitude in comparison to the BSA treated cells (Fig. 8B and C: BSA, n = 16; syt1 Ab, n = 14; P = 0.0038). There also was a significant increase in asynchronous release after stimulation in the syt1 lumen antibody treated neurons in comparison to the BSA treated neurons (Fig. 8D : BSA, n = 16; syt1 Ab, n = 14; P < 0.0001). When we probed for changes in spontaneous transmission after 47 mM K + and syt1 lumen antibody treatment, we found a 2-fold increase in mIPSC frequency and no change in mIPSC amplitude distribution in comparison to the BSA treated cells (Fig. 8E -G: BSA, n = 6; syt1 Ab n = 8; P = 0.0086). These findings suggest that syt1 function is acutely disrupted and corroborates our earlier results that show that after strong stimulation we can manipulate both synaptic vesicles pools recycling spontaneously and in response to stimulation. Next, we treated neurons with syt1 lumen antibody in the presence of TTX to allow spontaneously recycling vesicles take up syt1 lumen antibody. We did not observe a significant difference in eIPSC amplitude or increase in asynchrony after stimulation in comparison to the BSA treated group (Fig. 8I and J) ). However, we did observe a 4.5-fold increase in mIPSC frequency after syt1 lumen antibody treatment in TTX in comparison to the BSA treated group (Fig. 8L and M: BSA, n = 10; syt1 Ab, n = 9; P = 0.0186). These findings corroborate our earlier results that free radical generation within spontaneously recycling vesicles alters spontaneous but not evoked transmission. Taken together, these results imply that syt1 molecules residing on spontaneously recycling vesicles may not mix with their counterparts residing on vesicles that recycle in response to stimulation.
Discussion
In order to examine the relationship between spontaneous and evoked synaptic vesicle recycling pathways, we used vesicular uptake of HRP to convert cell permeable H 2 O 2 to reactive oxygens within the lumen of recycling synaptic vesicles. Free radical-dependent modification of the total pool of recycling vesicles -mobilized during elevated K + induced depolarization -hindered action potential stimulated neurotransmitter release while augmenting the frequency of spontaneous vesicle fusion events.
These functional effects of free radical formation on synaptic transmission were susceptible to application of the antioxidant, ascorbic acid. Partial modification of the recycling pool had similar effects on synaptic transmission dependent on the magnitude of the stimulation frequency used to induce HRP uptake. Stimulating with a 20 Hz 100 action potential train mobilizes many of the recycling vesicles, while a 1 Hz stimulation train results in the fusion of fewer recycling pool vesicles. So not surprisingly, modification of the larger portion of vesicles decreased the magnitude of EPSCs to a greater extent than the 1 Hz protocol. Moreover, the modifications of vesicles mobilized at 20 Hz enhanced spontaneous fusion mimicking the effect of elevated K + induced uptake of HRP, while vesicles that took up HRP during 1 Hz stimulation did not contribute to any change in spontaneous fusion. In contrast, uptake of HRP into spontaneously recycling synaptic vesicles only altered spontaneous neurotransmission despite similar HRP exposure time. The absence of a change in spontaneous neurotransmission after HRP uptake during 1 Hz stimulation may suggest a potential inhibition of . C, summary graph of the average IPSC amplitude after treatment with either BSA (black) or syt1 lumen antibody (grey) (BSA, n = 16; syt1 lumen antibody, n = 14; t (28) = 3.158; P = 0.0038; t test). D, normalized charge transfer plot for the average IPSC over 1 s in neurons treated with BSA (black) and syt1 lumen antibody (grey) (ordinary two-way ANOVA; F (1,588) = 59.49; P < 0.0001). E, representative mIPSC traces from neurons treated with BSA (black) and syt1 lumen antibody (grey). F, summary graph of the average mIPSC frequency in neurons treated with BSA (black) and syt1 lumen antibody (grey) (BSA, n = 6; syt1 lumen antibody, n = 7; t (12) = 3.138; P = 0.0086; t test). G, distribution of mIPSC amplitude from neurons treated with BSA (black) and syt1 lumen antibody (grey) (ordinary two-way ANOVA; F (1,84) = 0.3033; P = 0.5833). H, diagram of experiment: neurons were incubated in either 1% syt1 lumen antibody or 3% BSA Tyrode solution for 30 min in the presence of tetrodotoxin (TTX) and then washed out for 5 min before mIPSC or eIPSC (evoked by 5 pulses at a 1 Hz frequency) recordings were taken. I, representative traces of the 1st AP after treatment with either BSA (black) or syt1 lumen antibody (grey). J, summary graph of the average IPSC amplitude after treatment with either BSA (black) or syt1 lumen antibody (grey) (BSA, n = 11; syt1 lumen antibody, n = 10; t (19) = 0.5023; P = 0.6212; t test). K, normalized charge transfer plot for the average IPSCs over 1 s in neurons treated with BSA (black) and syt1 lumen antibody (grey) (ordinary two-way ANOVA; F (1,399) = 2.394; P = 0.1226). L, representative mIPSC traces from neurons treated with BSA (black) and syt1 lumen antibody (grey). M, summary graph of the average mIPSC frequency in neurons treated with BSA (black) and syt1 lumen antibody (grey) (BSA, n = 10; syt1 lumen antibody, n = 9; t (17) = 2.601; P = 0.0186; t test). N, distribution of mIPSC amplitude from neurons treated with BSA (black) and syt1 lumen antibody (grey) (ordinary two-way ANOVA; F (1,119) = 0.1594; P = 0.3069).
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spontaneous release during mild stimulation. Overall, these findings agree well with a parallel set of experiments where HRP uptake at rest or after elevated K + induced depolarization was visualized at the ultrastructural level or using the styryl dye FM1-43. These data suggest that only a subset of vesicles preferentially recycle under resting conditions (although they can be partially mobilized by elevated K + induced depolarization or strong activity) and activity-dependent recycling vesicles are highly resistant to spontaneous fusion. These results bring additional support to earlier proposals that the two forms of release are mediated by distinct populations of synaptic vesicles (Sara et al. 2005; Fredj & Burrone, 2009; Chung et al. 2010) .
Although, we do not know the exact target(s) of HRP generated free radical modification, the opposing phenotypes of decreased propensity for synaptic vesicle release upon stimulation and a disinhibition of spontaneous release is characteristic of cells deficient of syt1 (Nishiki & Augustine, 2004; Maximov & Sudhof, 2005) . To probe if syt1 is a target of free radical modification, we expressed an enhanced HRP variant tagged to the luminal domain of syt1 in cells, which, after H 2 O 2 treatment, resulted in recapitulation of the syt1 loss-of-function phenotype. These results suggest that syt1 function can be disrupted acutely through free radical modification within the vesicle lumen indicating a role for the syt1 luminal region in vesicle trafficking (Han et al. 2004; Kwon & Chapman, 2012) . This observation is consistent with the abundance of key cysteine residues in syt1 that may be specifically targeted by reactive oxygens (Fukuda et al. 2001) . It is important to note that the expression of syt1-eHRP, by itself, did not significantly alter synaptic transmission and the effects seen here were observed only after peroxide treatment.
We further assessed the functional significance of the luminal domain of syt1 by taking advantage of a polyclonal antibody targeting the luminal domain. For this antibody to bind its antigen, synaptic vesicles need to undergo exocytosis making the lumen accessible from the synaptic cleft and thus the extracellular space (Sara et al. 2005) . Uptake of the antibody upon mobilization of the recycling pool with elevated K + solution elicited asynchronous-evoked release upon stimulation and an increase in spontaneous events. This result is consistent with our HRP loading and free radical generation experiments during strong simulation as discussed above. In contrast, labelling synaptic vesicles recycling spontaneously with antibody against syt1 led to an increase in frequency of spontaneous transmission with no observed defect in evoked transmission. These observations suggest that although syt1 is widely distributed across synaptic vesicle pools and regulates both spontaneous and evoked neurotransmission, its action on the two forms of release, i.e. suppression of spontaneous release and synchronization of evoked release, are due to distinct functions that do not necessarily co-exist on the same vesicle. This premise is consistent with the recent evidence that syt1 exists in two configurations at the synapse: one form promotes vesicle fusion upon stimulation, the other serves to clamp down on spontaneous transmission (Bai et al. 2016 ).
The exact mechanism by which tagging the luminal domain of syt1 disrupts its function in exocytosis is unclear at this point. Previous work has demonstrated that antibody bound to the syt1 luminal domain can still traffic to and out of vesicles and is not trapped on the plasma membrane (Hua et al. 2010; Wilhelm et al. 2010) . The combination of multiple antibodies bound to different regions of the luminal domain of syt1 could potentially serve as a steric hindrance to syt1 function in synaptic vesicle exocytosis. However, this disruption in function seems to be reversed with strong stimulation (Hua et al. 2010; Wilhelm et al. 2010) possibly through the binding of Ca 2+ to other non-bound syt1 molecules. In agreement with this premise, when we used a cypHer-tagged version of the syt1 luminal domain antibody, we could also show that N-terminal tagged syt1 could still go through exo-endocytotic recycling during strong (20 Hz) stimulation suggesting that the tag does not cause syt1 to be trapped on the plasma membrane (data not shown).
Nevertheless, the functional impact of syt1 luminal domain antibodies we demonstrated here complicates straightforward interpretation of experiments using these antibodies with respect to putative segregation of action potential evoked and spontaneous synaptic vesicle recycling pathways (Hua et al. 2010; Wilhelm et al. 2010) . Moreover, these results indicate that 20 Hz stimulation or elevated K + stimulation are too strong to reveal the differences between synaptic vesicle fusion propensities (Kavalali, 2015) . In addition, results obtained using probes that tag synaptotagmin at its N-terminus (such as synaptotagmin-pHluorin) should also be interpreted with caution. However, given the minimal effects of eHRP on syt1 function, we do not anticipate smaller tags like myc or FLAG to affect syt1 function.
The experiments we present here demonstrate that specifically targeting synaptic vesicles with oxidative stress yields a reciprocal effect on evoked and spontaneous synaptic vesicle recycling, where evoked release is desynchronized and spontaneous release is augmented. As oxidative stress and free radical damage is a key component of several neurodegenerative disorders (Bezprozvanny & Mattson, 2008) , these results suggest that oxidative stress may impact similar synaptic parameters as seen with impairment of other deleterious signalling pathways at the synapse (Fernández-Chacón et al. 2004; Wasser & Kavalali, 2009; Nosyreva & Kavalali, 2010) and contribute to the mechanisms that lead to early synaptic dysfunction in neurodegenerative disease.
